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Abstract 
0.3 wt % ammonium fluoride (NH4F) or ammonium chloride (NH4Cl) was added to ethylene glycol (EG) as an active ingredient 
for the formation of anodic oxide comprising of ZrO2 nanotubes (ZNTs) by anodic oxidation of zirconium (Zr) at 20 V for 10 
min. It was observed that nanotubes were successfully grown in EG/NH4F/H2O with aspect ratio of 144.3. Shorter tubes were 
formed in EG/NH4F/H2O2. This could be due to higher excessive chemical etching at the tip of the tubes.  When fluoride was 
replaced by chloride in both electrolytes, multilayered oxide resembling pyramids was observed.  The pyramids have width at the 
bottom of 3-4 µm and the top is 1-2 µm with 10.7 µm height. Oxidation of Zr in EG/NH4Cl/H2O2 was rater rapid.  The 
multilayered structure is thought to have formed due to the re-deposition of ZrO2 or hydrated ZrO2 on the foil inside pores 
formed within the oxide layer. XRD result revealed an amorphous structure for as-anodized samples regardless of the electrolytes 
used for this work.    
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1. Introduction 
Zirconia (ZrO2) especially in the cubic or tetragonal form has been thoroughly experimented and investigated 
for many years as the ceramic oxide has numerous applications for instance as photocatalysts1 and as electrolyte in 
solid oxide fuel cell2 as well as oxygen sensors3.  ZrO2 in the form of self-aligned nanotubes has been reported to be 
a candidate material for photocatalysts to adsorb and degrade organic pollutants from contaminated water4. 
Nanotubular structure is preferred for this application as it has higher surface area and better electron/hole transport 
properties.   
There exists many methods to produce ZrO2 nanotubes (ZNTs), but to date anodic process has become a very 
well established route for the formation of self-aligned, vertically oriented nanotubular structure. Anodization is a 
simple process of fabricating surface oxide on a piece of metal.  Previous authors like Ismail et al4, Muratore et al5, 
and Lockman et al6  have attempted in the formation of ZNTs in aqueous, glycerol, and ethylene glycol electrolytes, 
respectively.  All authors reach a consensus by stating that to produce self-aligned nanotubes, fluoride ions (F-) are 
needed in the anodization electrolyte. Fluoride ions can come from hydrofluoric acid or from fluoride salt such as 
ammonium fluoride (NH4F) or sodium fluoride (NaF). Typically the fluoride ions are added to the anodizing 
electrolyte with varying concentration of 0.3 – 0.5 wt%. Nevertheless, other halide ions such as chloride or bromide 
ions have also been reported to be capable in the formation of nanotubes by anodic oxidation7. The use of fluoride-
free electrolyte is desired as it is easier to handle and waste can be discharged easier compared to when fluoride ions 
are used.  Moreover, enhancement of nanotubes in term of their properties have also been reported when nanotubes 
were made chloride containing electrolyte8. There are however not a lot of information available on the use of 
fluoride-free electrolyte for ZNTs formation apart by Guo et al in 20099. They reported that smooth and straight 
walls of ZNTs with diameters ranging from 250 – 300 nm and length of 33 µm can be produced via anodization at 
20 V for 5 h in chloride-containing electrolyte which consisted of glycerol:formamide (volume ratio 1:1) and 3.5 
wt% H2O. They used hydrochloric acid (HCl) as a source of Cl
- ions and had recorded the exact concentration for 
the nanotubes formation.  Lower content of the HCl resulted in the formation of so-called “volcanic knobs”.   
Here we report on the morphology evaluation of anodized Zr in NH4Cl added to ethylene glycol (EG) as 
anodization electrolyte.  We also added a small fraction of H2O2 or H2O in the EG as oxidants. Oxidant was added in 
EG as to increase the oxidation rate for the formation of metal oxide10. This is because the anodic oxidation in pure 
EG is relatively slow and will depends on the adsorption of water from the environment11.   H2O2 dissociates to form 
HO2- and H+ in EG, in which HO2- acts as an oxygen donor to increase the rate of oxidation12.  
2. Experimental 
Zr foils (99.8% purity) with thickness of 0.1 mm (Strem Chemicals, USA) were used in this study. Zr foils were 
cut into desired dimension of 2 cm × 1 cm. Prior to anodization, Zr foils were degreased by sonication in acetone, 
isopropanol, and ethanol for 15 min each. Foils were then rinsed in deionized water and dried using an air gun. After 
drying, the Zr foil was placed in two different sets of electrolyte: (1) 95 ml EG + 5 ml H2O2 and (2) 95 ml EG + 5 ml 
H2O.  In both of the electrolytes, 0.3 wt% NH4F or NH4Cl was added.  There were therefore four sets of electrolytes 
used: EG/H2O2/NH4Cl, EG/H2O/NH4Cl, EG/H2O2/NH4F and EG/H2O/NH4F. The details of anodization conditions 
are listed in Table 1. All electrolytes were used without any purification. Anodization was performed in a two-
electrode bath with Zr foil as the anode and a platinum (Pt) electrode as the cathode. The distance between the Zr 
foil and Pt electrode was kept constant at 30 mm. The electrolyte was stirred throughout the anodization process. 
Anodization process was carried out using a DC power source connected to the software for current transient 
analysis at potential 20 V for 10 min. After the anodization process was completed, the sample was removed from 
the bath and cleaned in deionized water and air-dried. The morphology of the as-anodized samples was studied by a 
field emission electron microscope (FESEM), Variable Pressure Zeiss Supra 35, while transmission electron 
microscopy (TEM) was used to view the nanotubes formed. The phase identification of as-anodized samples was 
performed using XRD (Philips FW1710) under monochromatic Cu-Kα radiation.   
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         Table 1. Anodization conditions for zirconium 
Sample 
Applied 
potential 
(V) 
Duratio
n (min) 
Composition of electrolyte 
pH 
EG (ml) 
NH4F 
(wt%) 
NH4Cl 
(wt%) 
H2O2 (ml) H2O (ml) 
EG/H2O2/NH4F 20 10 95 0.3 - 5 - 6 
EG/H2O2/NH4Cl 20 10 95 - 0.3 5 - ~5 
EG/H2O/NH4F 20 10 95 0.3 - - 5 6 
EG/H2O/NH4Cl 20 10 95 - 0.3 - 5 6 
 
3. Results and discussion 
Figs. 1 (a and b) are the FESEM surface and cross section morphologies of anodized Zr foil in EG/H2O2/NH4F 
and Figs. 1 (c and d) are the images for foil anodized in EG/H2O2/NH4Cl.  In Figs. 2 (a and b) the morphologies of 
samples made in EG/H2O/NH4F are shown whereas Figs. 2 (c and d) are FESEM images for samples anodized in 
EG/H2O/NH4Cl. It is evident from the FESEM images that nanotubes were formed when fluoride electrolytes were 
used regardless of either H2O2 or H2O was added as oxidant. In chloride electrolyte, no nanotubular structure was 
observed. Fig. 3 is the current density-time curves for Zr during anodization at 20 V for 10 min in EG/H2O2/NH4F 
and EG/H2O2/NH4Cl. Fig. 4 shows the current-time behaviour in electrolytes containing water.  From the current–
time curves, the growth mechanism of the ZrO2 nanotube in fluoride electrolyte follows the following sequence: (i) 
anodic oxidation: to form thin ZrO2 layer, (ii) porosification: pores nucleation within the thin layer (due to volume 
changes and stress relaxation process of the oxide on Zr metal), (iii) pore growth: occurring when fluoride is 
attacking the pits, inducing chemical dissolution and (iv) pore separation: dissolution of pore boundaries forming 
discreet tubular structure. At the same time, fluoride ions continuously etched the bottom of the pores (inside the 
pores at the barrier layer) forming metal–fluoro complexes4,5. Dissolution occurs rapidly here as the pH of the 
electrolyte is thought to be very low due to the oxidation process (1). The formation of the zirconium-fluoro 
complexes is as in (2).   
 
Zr4+ + 2H2O Æ  ZrO2 + 4H+             (1) 
 
ZrO2+6F
−+4H+Æ [ZrF6]2−+2H2O            (2) 
 
Muratore et al5 suggested that fluoride-rich material separates the relatively oxygen-rich nanotubes from each 
other.  The fluoride-rich material can be easily etched away to produce discreet nanotubes. The addition of water 
indeed will lead to easier tube separation. The calculated aspect ratio of ZNTs formed in EG/NH4F/H2O is 144.3 and 
if compared to EG/NH4F/H2O2 electrolyte; 127.9, the aspect ratio is higher.  The length of ZNTs in EG/NH4F/H2O 
is 4.04 µm which is longer than ZNTs grown in EG/NH4F/H2O2; 3.71 µm. However the diameters of nanotubes 
formed in both electrolytes are similar ~ 24-29 nm measured from the TEM images in Fig. 5 for sample made in (a) 
H2O2 and (b) H2O added EG. It has been noted that the addition of H2O2 will increase an oxidation rate and 
consequently a thicker oxide layer is formed at the early stage of the anodic process which then effect the pore 
nucleation and growth process.  The addition of 5 ml H2O2 is thought to be rather high whereby the formation of 
excess ●OH radicals may have effect the growth and etching behaviour of the oxide. The higher dissolution rate of 
sample grown in H2O2 can be evidenced from the current density-time curves shown in Fig. 3.  
As fluoride ions were replaced by chloride ions, the morphology of the anodized Zr foil changed dramatically 
as shown in Figs. 1 (c and d) and Figs. 2 (c and d). In Figs. 2 (c and d), a structure termed as “volcanical knob” by 
Guo et al is observed for sample made in EG/NH4Cl/H2O2 but not so obvious for EG/NH4Cl/H2O samples.  The 
“volcanical knob” structure formed by Guo et al was produced in glycerol/formamide electrolyte containing 0.5 
wt% HCl.  Our structure however did not consists of the obvious “volcanic” structure i.e. with hollow structure in 
the middle, instead, when we observed the cross section of the sample as seen in the figure, it looks like pyramid.  
The structure has bottom width of 3-4 µm whereas the top is 1-2 µm and 10.7 µm height. The pyramids were 
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vertically grown on Zr foil. XRD result shown in Fig.6 revealed amorphous structure for all samples regardless of 
fluoride or chloride ions were used.    
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. Top view (left) and cross-sectional view (right) of FESEM images for anodic oxide film grown in EG/H2O2/NH4F (a, b), and 
EG/H2O2/NH4Cl (c, d) at 20 V for 10 min. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2. Top view (left) and cross-sectional view (right) of FESEM images for anodic oxide film grown in EG/H2O/NH4F (a, b), and 
EG/H2O/NH4Cl (c, d) at 20 V for 10 min. 
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3.1.1.  
Fig. 3. Current density-time curves for anodized Zr at 20 V for 10 min in EG/H2O2/NH4F and EG/H2O2/NH4Cl. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4. Current density-time curves for anodized Zr at 20 V for 10 min for EG/H2O/NH4F and EG/H2O/NH4Cl 
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The mechanism of pyramid structure formed on Zr in EG/NH4Cl/H2O2 can be explained by referring to the 
schematic diagram in Fig. 7. When Zr is oxidized, similar to the process in fluoride electrolyte as mentioned 
previously, thin ZrO2 layer will form.  However, instead of fluoride, one may now expect the incorporation of Cl
- 
ions into ZrO2 lattice.  This would obviously alter the stress behaviour of ZrO2 layer leading to the formation of 
microcracks within the oxide.  The small cracks will be quickly filled by the electrolyte and chemical etching will 
occur making the cracks larger and developed into pits.  
Once pits have formed, they are enlarged further by chemical etching especially when chloride ions are present, 
forming larger, more stable pores. Inside each pores, one may expect the local acidification phenomenon whereby 
accumulation of H+ ions (as mentioned previously in equation (1) will reduce the pH of the electrolyte at the pore 
bottom, provoking chemical dissolution process in here. Due to this, pores should have grown inwards to form the 
typical elongated pore structure but for the case of chloride electrolyte such structure is absent. Instead when the 
pyramids were observed closely, we can see that they are made out of multilayered structure as if these layers are 
deposited on the parent metal; layer by layer.  One pyramid is separated by another which can suggest growth 
occurring on a certain “template” forming a tower as anodization process proceeds.   
There are many possible explanations to this. One can be due to the oxygen evolution during anodic process 
which for the case of TiO2 nanotubes leads to the formation oxide rings stacking on top of each other forming tubes 
with serrated sides but in our case, such “ring” is replaced by the layered structure.  However further investigation is 
needed to account for this. Another plausible explanation is the extremely fast oxidation process when Zr is oxidized 
in the presence of chloride ions which may have induce the release of Zr4+ in the electrolyte and upon reacting with 
hydroxyl ions in the solution would form ZrO2.  Moreover, the oxidation rate is hypothesized to be much more rapid 
in the presence of peroxide as H2O2 has high oxidizing power. The oxide is however thought to have been 
precipitated on the surface of the metal foil instead of being incorporated within the lattice of the parent metal. This 
could be due to the release of oxygen bubbles during the process of oxidation which decrease the growth efficiency 
of the oxide. The deposition of the new oxide layer occurs inside a pore and the layers were built up oxidation 
proceeds.  As each of the pyramids is grown inside a pore, the pyramid would have a certain shape and size and are 
well separated from one another. As fewer ions are released when the tower became taller, the top part of the 
structure is more pointed forming the pyramid structure. The pores are thought to be the “template” for the pyramid 
tower to form. Nonetheless, more experimental variations and characterizations are needed in investigating why the 
layered pyramids formed on Zr when it is anodized in chloride electrolyte.   
 
Fig. 5. TEM images for Zr anodized in EG/NH4F 
electrolyte containing (a) H2O2 and (b) H2O. 
Fig. 6. XRD pattern for as-anodized Zr in 
EG/NH4F and EG/NH4Cl electrolytes containing 
H2O2 or H2O. 
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Fig. 7. Mechanism of pyramid structure in EG/NH4Cl/H2O2 electrolyte. 
 
4. Conclusion 
Different morphologies were observed on Zr anodized when it was anodized in EG electrolyte containing 
chloride compared to when fluoride was used. The nanotubular structure was only formed in electrolyte containing 
F- ions. The anodization of Zr in electrolyte containing Cl- ions was resulted to layered pyramid towers which we 
thought is due to the rapid oxidation and excess oxygen bubbling which hinder direct growth, instead depiction of 
the oxide occurred on the metal foil.  
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